NASA Technical Memorandum 102509 B
- Model Development in
Viscoplastic Ratchetting - o

-~~~ — Alan D. Freed
' Lewis Research Center , N L
- Cleveland, Ohio - — ~ —_ oo

ER g mEmaeocizas oo SES - UioFEERIEae . L. S Tl s el Me CTUSLAT CrYESaunmi T oS e.imm s So e T S o S mn . m 4 - B

Kevin P. Walker ~ .~ - - : E
Engineering Science Software, Inc. i o

Smithfield, Rhode Island

April 1990 ~ R

T(NASA-TM~-102507) MNDFL DFVELNPMENT IN N90-20431

SCUPLASTIC PATCHeTTING (NASA) 32 p 7
v ? CSCL 20K i
unclas _
n3/53 0272822




| W .
|
i i
[ . i

, , ”
| i
i | |
|
i | :
i
| ! |
i i
I
I ; : , |
( i
i
i .
i !
! I
'
,
1 |




MODEL DEVELOPMENT IN VISCOPLASTIC RATCHETTING

Alan D. Freed

NASA Lewis Research Center
Cleveland, OH 44135

Kevin P. Walker

Engineering Science Software, Inc.
Smithfield, RI 02917

ABSTRACT

Space Station Freedom’s solar dynamic power modules, like all power plants, contain
components that are subjected to conditions which favor thermally driven ratchetting. Existing
viscoplastic models tend to overpredict ratchetting behavior, because their back stress (the
kinematic variable) seems to ‘‘stick”” more than it should during unloading. For this reason, a
study has been undertaken o compare a variety of possible modifications to the evolution
equation for back stress. All models considered herein have a hardening vs. dynamic-recovery
format. To remove the stickiness of the back stress, a linear dependence on stress rate is
introduced into the evolution equation for back stress in a variety of ways. Several favorable
models have been screened out of the field of candidates by qualitatively determining their
relative ability to fit experimentally observed behavior through six numerical experiments. A
final selection must be made by quantitatively corrclating the proposed models with experi-
mental data, and then seeing which candidate does the best job of predicting observed ratchet-
ting behavior. This is a subject of future work.

1. INTRODUCTION

Space Station Freedom (fig. 1) will be primarily powcred by vast photovoltaic panels (75 kW total - phase
I implementation). Under consideration as an option, supplemental power (two 25 kW units - phase II imple-
mentation) will be fumished through large solar reflectors (fig. 2) that will focus the Sun’s cnergy into a solar
receiver (fig. 3). The receiver of each solar dynamic power module is to be lined with 82 working fluid tubes,
around each of which will be 96 canisters (fig. 4) manufactured from Haynes 188 - a cobalt alloy with good cor-
rosion resistance and high-temperature strength. Contained within these canisters will be a phase change material
(a LiF-CaF, eutectic salt) whose latent heat of solidification will be a source of thermal cnergy during periods of
eclipse. The working fluid will transport this thermal energy to heat engines for electric power generation. The
thermodynamic cycle of operation is the closed Brayton cycle.

A thermal analysis of the solar receiver determined that the maximum heat flux occurs at an axial location
a little more than one meter from the aperture plate (fig. 3) [1]. The thermal history for a canister at this loca-
tion is shown in idealized form in fig. 5. On coming out of eclipse, time zero in the figure, the salt is in solid
form and the canister temperature is about 690°C at the location selected for detailed analysis. During the first
10 minutes or so, the temperature increases to a value of 767°C, at which point the salt starts to liquify. The
peak termperature of the cycle, about 830°C, is reached after 54 minutes, at which time the space station goes
into eclipse. Subsequently, the canister temperature drops quite rapidly to a value of 767°C, where the salt starts
to solidify. The temperature remains constant there until the solidification process is completed, at about 80
minutes into the cycle. During the balance of the cycle, heat is rejected from the receiver with the salt in solid
form. After 91 minutes, the space station comes out of eclipse and the cycle is repeated.



Using this idealized temperature history, an elastic analysis was performed to determine the maximum
values of stress and strain introduced into the canister [1]. The von Mises equivalent stress obtained from this
analysis is presented in idealized form in fig. 5, along with the thermal history, The predicted elastic stresses for
the service cycle range between 22 and 50 MPa, with a cyclic mean stress of 36 MPa. More recently, the ideal-
ized thermomechanical stress/temperature/time history of fig. 5 was applied to a uniaxial test specimen to deter-
mine if this elastic analysis is adequate [2]. The resulting experimental stress-strain response (fig. 6) clearly
illustrates that an elastic analysis is not adequate for this application, and an inelastic analysis needs to be con-
ducted. A viscoplastic model is under development to perform this analysis, of which this paper presents pro-
gress made towards this goal. The inelastic response of fig. 6 also indicates that ratchetting (the accumulation of
cyclic strain due to the presence of a mean stress) is an important feature to be modeled. The extent of ratchet-
ting in fig. 6 is accentuated by the fact that this test was conducted in stress control, which is not indicative of
the canister whose boundary conditions would probably be more closely approximated by a strain control (est.
Nevertheless, inelasticity is likely to exist; consequently, the potential of ratchetting is likely to exist, t0o. Vital
questions o be answered by this analysis are: if ratchetting exists, will the ratchetting stop, i.e., shakedown, or
will it continue to accumulate over the life of the structure (30 years design life) possibly resulting in a prema-
ture failure; and if shakedown occurs, will a solar dynamic power module cold shut-down and restart reinitiate
the ratchetting process? It is our hope to answer these questions in the near future.

Existing viscoplastic models tend to predict a material response that is too soft under ratchetting condi-
tions, ie., they overpredict the cyclic strain accumulation in the prescnce of a mean stress. This modeling
deficiency of viscoplasticity has reccived attention in the recent modcling efforts of MCDOWELL & LAMAR [3] and
CHABOCHE [4]. The cause of this deficiency is ingrained within the hardening/dynamic-recovery format used for
the evolution of back stress in most viscoplastic models. Simply put, this format results in a back stress that
“‘sticks’” during unloading more than it appears it should. Our basic objective here is to explore altemative for-
mulations for the evolution of back stress that are physically acceptable, and which remove this stickiness. Our
approach is to introduce terms that are linear in stress rate into the evolution equation for back stress, in accor-
dance with LUBLINER’s [5] thermodynamic theory with internal variables. This will enable the back stress to
evolve more readily under conditions of unloading, thereby removing this undesired stickiness. Having the back
stress evolve at rates that are first-order in stress rate results in an evolution cquation that is a function of past
histories and of present values of stress, and the formalism is within the scope of the memory-functional
approach. Inclusion of higher-order stress rates would put it outside this scope [5], which is not acceptable,

2. EVOLUTION OF STRAIN
The strain g;; is taken to be the sum of an elastic strain g (including thermal strain) and an inelastic
(or plastic) strain €f; such that

€; = &; +¢&f , e =0 (1)

with no elastic or inelastic strain occurring in the stress-free virgin state. In this state, the material is taken to be
isotropic. Small strains, displacements, and rotations in a Cartesian reference configuration are considered to
make up the deformation history of the material. The trace of inelastic strain is zero valued implying plastic
incompressibility. Repeated Latin indicies are summed over from 1 to 3 in the usual manner.

The constitutive equation governing elastic strain is that of classical thermoelasticity, and is given by

1+v V
E,‘;' = T G — ‘ETO'& 5,',' + o AT 8,‘,’ (2)
where E is the elastic modulus, v is the Poisson ratio, o« is the coefficient of thermal expansion,
AT =T-T, is the change in temperature with T, denoting the reference temperature, o;; is the stress, and

8;; is the Kronecker delta. The elastic material constants for Haynes 188 are given in table 1.

The evolution equation for inelastic strain is taken to be of a form used previously by the authors [7], and
is given by the differential equation

Sij = Byj
[§ - B|
with the back stress B;; being composed of short- X;; and long-range terms, viz.
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and where the thermal diffusivity 6 > 0 is defined by [8]
-0 :
exp[ kT] ,

6 = T (%)
exo{%[ln[?‘] +1}} : 1

and the Zener parameter Z = 0 is taken to be
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with norms (or magnitudes) defined by

&7 = J@3)Ekel . 17| = NGV, T O

internal) stress B;; accounts for kinematic hardening behavior, whose short-range component is X;;, and
whose long-range component is (2/3)H,ef;, where H, is the long-range hardening modulus. The other material
constants are: the activation energy Q, the transition temperature 7,, the power-law coefficients A and A’
and exponents n and n’, and the constant structure exponent m. The difference §ij—Bj; 1is the viscous stress
(or overstress) that drives inelastic flow. The scalar D is the drag strength which is taken to be constant-valued
herein, i.e., no isotropic hardening is considered. A dot ‘"'’ implies the time rate of change of its argument.
The norms that are chosen scale the model for tension. The double power-law Zener parameter of eqn. 6 has
been shown to apply for homologous temperatures (absolute temperature divided by melting temperature)
exceeding about 0.25 [7], which is the case in this application (but not for the cold shut-down and restart prob-
lem). The inelastic material constants used in this study to qualitatively represent Haynes 188 are given in table
2. '

Constant | Units Value [6]

E MPa 233000 — 49.1T — 4.44x107212

ut MPa 91700 — 30.7T - 8.44x107°T?

a 1°C | 11.8x107° + 6.26x107°T — 1.40x1071212
T v=E2u-1

TABLE 1
Elastic Constants for Haynes 188. T is in Degrees Centigrade.

Values for the inelastic constants were obtained as follows. A transition temperature of six-tenths the melt-
ing temperature (i.e. T, = 0.6T,,, where T, = 1575°K) was assumed, in accordance with the general observa-
tions of SHERBY & MILLER [9]. From steady-state creep rate data obtained above this transition temperature, an
activation energy was determined using the relationship [10]

1 1 €
Qlg =k |=—-=—| In| — ®)
° T2 Tl €)o
where £, and £, are the steady-state creep rates associated with temperatures T, and T,, respectively, at
some fixed value of stress o, and where k is the Bolizmann constant (8.314 J/mole°K). The steady-state

Zener parameter given by [7]
_ e _[1s1]", [1s1]”
Ze = 6 [T * AT ©)




was then fit to experimental data from ref. 11 (see fig. 7) to determine values for the material constants
A,A’, n,and n’. The transient Zener parameter of eqn. 6 will reduce to the steady-state Zener parameter of
eqn. 9 in the final model, wherein the limiting state of back stress L (defined in the next section) will be taken
as a function of state rather than a constant (cf., refs. 7 and 12). For the transient constants, H; and H, were
given values of about 1/500 and 1/5 that of E, respectively, and m was given the value of 2, in accor-
dance with rules of thumb established in ref. 7. Values for the drag strength D and the limiting state of back
stress L were chosen so that predictions would roughly correlate with the saturated yield and ultimate sirengths
of this alloy, respectively.

Constant Units Value
A MPa 0.0058
A’ MPa 0.94
Dt MPa 04

HIT MPa 35
H.t MPa 35000
Lt MPa 150
mt - 2
n - 3
n’ - 7
4] J/mole | 450000
T, °K 945
t  Actual value is unknown,

TABLE 2
Inelastic Constants for Representation of Haynes 188.

The models presented in this report are sufficient to meet the report’s primary objective, viz., to study
ratchetting behavior, A complete viscoplastic characterization of Haynes 188 will be presented in a future report.
That model will include the effects of isotropic hardening and thermal recovery (among others), in addition to
those effects modeled herein. N

3. EVOLUTION OF BACK STRESS - SIX PRELIMINARY MODELS

To improve upon the capabilities of existing viscoplastic models in the description of ratchetting behavior,
it seems to be necessary to remove the stickiness of the back stress during unloading. In most viscoplastic
models, the back stress evolves with inelastic deformation only, which is virtually nonexistent during unloading;
hence, the back stress sticks during unloading. The recent viscoplastic models of KREMPL ef al. [13] and
RAMASWAMY et al. [14], however, introduce an additional term into the evolution equation for back stress that is
linear in stress rate, thereby removing this sticking characteristic which we deem to be a detriment. Such a linear
term is admissible within the general thermodynamic constructs of LUBLINER [5]. The authors will provide a
specific thermodynamic formulation for such a theory of viscoplasticity in a future report. Six equations for the
evolution of the short-range back stress X;; defined in eqn. 4 will now be considered. Their capabilities in pro-
ducing desirable responses for several different loading histories are addressed in the following discussion sec-
tion. Phenomenologically, the effect of the short-range back stress X;; is to account for the initial transient cur-
vature in an inelastic response, while the effect of the long-range back stress (2/3)H;ef; is to provide a linear
strain-hardening response prevalent at the larger strains after the short-range back stress has saturated. It is the
evolution of short-range back stress that is important in ratchetting problems, because it is the internal variable
that most rapidly evolves after a load reversal.

Model A

A phenomenological description for the evolution of back stress used in most viscoplastic models was originally
proposed by ARMSTRONG & FREDERICK [15], and has recently been derived from a dislocation slip theory by
ATFANTIS [16], i.e.
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where H, is the short-range hardening modulus and L is the limiting state of short-range back stress, both of
which we take to be constants for the time being. The first term in the brackets represents a lincar strain-
hardening mechanism, while the second one represents a competing mechanism referred to as dynamic
recovery. This relationship is used in most viscoplastic models for the evolution of back stress. It has been
shown to be superior to a nonlinear Prager relationship, which employs a nonlinear strain-hardening mechanism
without the aid of a competing dynamic recovery mechanism [7,12]. However, the Armstrong-Frederick model
“*sticks’” during unloading producing an undesirable representation of ratchetting behavior [4].

Model B

This model replaces the plastic strain-rate terms in Model A with total strain-rate terms resulting in a
hardening/recovery model akin to the original endochronic theory of viscoplasticity [17], i.e.

: . X, .
X; = %H, {e,-,- - %—Lim} (11

where  €; = €; — €48;;/3 is the deviatoric strain. Here the stress rate appears implicitly, since
é,-j = Sij/2u+ ¢ from eqns. 1 and 2, and where W= E/2(1+Vv) is the elastic shear modulus. As a conse-
quence, this model does not ‘‘stick’’ during unloading. Note that the dependence on stress rate appears in both
the hardening and dynamic-recovery terms.

Model C
This model retains the tensorial nature (or directional characteristics) of Model A, while still introducing an

effect due to stress rate, i.e.
. ¢, X;i y
2 au 3 ij . | Sl
X; = = H - = ——n|& + = 12
! 3’LH| ZL}ﬁ ! E} o

Like Model B, this model does not ‘‘stick’” during unloading, and the stress rate is observed to influence both
the hardening and dynamic-recovery terms.

Model D
This model combines the hardening term of Model B with the dynamic recovery term of Modcl A, i.e.
. X
2 . 3 7] .
Xij = ? H‘, {e,‘j - 5 - Iﬁpl} (13)

which does not “‘stick”” during unloading, either. Here stress rate only affects hardening, not dynamic recovery,
as in the viscoplastic models of KREMPL ef al. [13] and RAMASWAMY et al. [14]. Except for the fact that H; is a
constant instead of a function, this is the evolution equation first proposed by Krempl and his colleagues. The
model of Ramaswamy is also somewhat more general than that of eqn. 13, in that it allows some fixed percen-
tage of elastic straining to influence hardening (i.e., &f + ¢, S;;/20 where ¢, € [0,1] is a constant, instead of

e; =&F + §;/2).

Model E

Physically, it seems desirable that the back stress should not jump because of an imposed stress jump when at
steady state (as in Model D). Thus, model E introduces a coefficient to the stress rate term that vanishes at
saturation (because | X| =L there) thereby satisfying this constraint, i.e.

ozl o S s X,

However, this model *‘sticks’’ during unloading from a saturation state, just as Model A does. In fact, Models A
and E are equivalent at saturation because the coefficient to the stress-rate term in eqn. 14 is zero-valued there.



Model F
An alternative representation that also restricts the back stress not to evolve in a stepwise manner from a stress
jump when at steady state, and yet does not ‘‘stick’” during unloading from saturation (as does Model E), is
given by
. Si 3 Xij .
X.‘j——H{‘,+§u—-2-TIEPI 15

%
_J3|8i-8By Xy||S;-B; X
E { {‘S - Bj L][lS—B[ L}} (16)

is a scaling factor bound by the interval 0 <& < 1. This variable defines a normalized distance between the
current value of short-range back stress X;; and its image point on the limit (or bounding) surface of radius L,
in accordance with the theories of MROZ [18], DAFALIAS & POPOV [19] and MOOSBRUGGER & McDOWELL [20]. A
graphic representation of this concept is presented in fig. 8. Here ni; = (3/12)(S;;-B;)| S-B| is the unit vector
establishing the direction of inelastic straining. The quantity 2ALEN; = (Ln;; — (3/2)X;;) is the vector connect-
ing the current value for the short-range back stress with its image point, where A;; is taken to be the unit vec-
tor. By determining the magnitude of EXA;; using +( 2/3)5)»,,&2,,, on¢ obtains the expression for & given
above. Note that what is referred to here as the image point is not the true image point associated with eqn, 15
(¢f., ref. 20), as it does not account for the stress rate term, but this is not a detriment for our application.

where

4. RATCHETTING EXPERIMENTS

The need for an accurate representation of ratchetting behavior is important for two reasons. First, ratchet-
ting is an experimentally observed phenomenon that can dominate the observed response under certain boundary
conditions; typically, cyclic loading in the presence of a mean stress. Second, there can be an unwanted theoreti-
cal artifact (a false ratchetting) that is not characteristic of observations; for cxample, when a small cycle (e.g.,
the solar dynamic receiver cycle of fig. 5) is repeated and contained within a larger cycle (i.e., the cold shut-
down and restart cycle of the solar dynamic power module). Several experimental results obtained from a variety
of materials are presented below to illustrate these two types of ratchetting behavior.

Typically, ratchetting is thought of as the cycle dependent accumulation of inelastic strain under stress-like
boundary conditions brought about by the presence of a mean stress (i.e., cyclic creep), where the direction of
ratchetting is coaxial with that of the mean stress. For repeated loadings, this type of ratchet strain exponentially
decays with cycling to a shakedown condition that is dependent on mean stress, provided that this mean stress is
less than some threshold value; otherwise, ratchetting of this type continues to accumulate in an unstable manner
to certain destruction. The experimental data of CHABOCHE [4] (presented here in fig. 9 for type 316 L stainless
steel) illustrate these features of ratchetting. Ratchetting can also occur under strain-like boundary conditions
resulting in a cyclic relaxation response. Cyclic relaxation, like cyclic creep, exponcntially decays with cycling
to a shakedown condition which also depends on the level of mean stress; fortunately, cyclic relaxation, unlike
cyclic creep, cannot become unstable. The room temperature experimental data of KREMPL & KALLIANPUR [21]
(presented here in fig. 10a for Ti-7AI1-2Cb-1Ta) and the in-phase thermomechanical data of SWANSON et al. [22]
(presented here in fig. 10b for PWA 1480 in the <001> orientation) illustrate these features of ratchetting.

A ratchetting response may be artifically produced by a viscoplastic thcory when modeling a variable
amplitude cyclic loading history [3,4). If this type of history is prevalent in a given application (which it will be
for the solar dynamic power modules, provided that they go through shut-down and restart cycles), then the
viscoplastic theory to be used must address this potential problem to ensure meaningful predictions. To demon-
strate how a false ratchetting response might come about, consider the room temperature data of CHABOCHE [4]
(presented here in fig. 11a for type 316 L stainless steel) and the 950°C experimental data of NOUAILHAS &
FREED (23] (presented here in fig. 11b for CMSX-2 in the <011> orientation) where smaller hysteresis loops are
contained within a larger one. The stainless steel response in fig. 11a is representative of how most (but not all)
materials behave; that is, there is closure of the smaller loop at the point of connection with the larger loop,
independent of whether the smaller excursion is elastic or inelastic. This is a result that existing viscoplastic
theories cannot predict, in general (with the one exception of the recent theory by MCDOWELL & LAMAR [3]). The
single crystal response in fig. 11b is not a typical malterial response, but nevertheless, it does occur for some



materials. Here closure does not exist for the smaller inclastic loops (but it does for elastic ones), which is a
characteristic that viscoplastic theories can predict. Consequently, if this inner loop is repeated, then a ratchetting
response (either cyclic creep or relaxation) would be predicted using existing technology. For the majority of
materials, those that exhibit closure like type 316 L stainless steel, such a prediction would not be representative
of actual material response; however, an accurate description would be predicted for those materials that do not
exhibit closure, like CMSX-2. Whether or not Haynes 188 has this property of closure is presenty unknown. If
it does, which is probably the case, then features from the MCDOWELL & LAMAR [3] theory will need to be incor-
porated.

There is one additional experimental result presented, which is not a ratchetting experiment, but rather, a
strian-rate sensitivity experiment. Strain-rate sensitivity is the most fundamental characteristic of viscoplasticity.
Figure 12 presents experimental data from KREMPL [24] for type 304 stainless steel where step jumps in the con-
trolling strain-rate occur. Over the past decade, he and his students have performed similar experiments on a
variety of materials, and all exhibit the same basic response. For any given strain rate, there exists a unique
stress-strain curve. If there is a jump in strain rate, then there is an accompanying jump is stress to the appropri-
ate stress-strain curve. Of course, where this curve resides in stress-strain space depends upon the history of
deformation.

5. DISCUSSION OF SIX MODELS

To assess the relative merit of the six evolutionary models in §3 for their representation of ratchetting and
other viscoplastic characteristics, six different numerical experiments have been performed on each model. The
results are qualitative (i.e., comparisons are made between trends in the data predicted by the six models) rather
than quantitative (i.e., comparisons being made between experimental data and predictions). This allowed the
same values for the material constants to be used in all the calculations. Qur assessment as to their relative merit
in predicting appropriate trends is given in table 3.

E MODEL
XM A [B[C[DJE]F
1 T|Q|U|AlA|Q
2 AlU|u|a|Aala
3 Alu|ulalala
4 Qle|ujalala
5 ulu|ujulu|u
6 AlalajQlala
TABLE 3

Model Assessment. ‘‘A’’ is Acceptable. ‘‘Q" is Questionable. ‘U’ is Unacceptable.

In all the predictions presented in this paper, both the stress and the back stress are plotted against strain.
Many times the stress vs. strain response is quite similar between various model predictions for a given experi-
ment, but the back siress vs. strain responses are vastly different. The back stress response thercfore provides
insight into a model’s behavior that has meaning (albeit, intuitive for the most part) to the viscoplastician. There
are but only a few experimental data sets which characterize the evolution of back stress. One such example is
presented in fig. 13 from TRAMPCZYNSKI's [25] study of 18G2A streel at room temperature, where an
unloadingfreloading method was used to measure back stress. For both monotonic and cyclic conditions, the
back stress response was observed to have a shape similar to that of the stress response.

The first experiment is a classical ratchetting test at 750°C, i.e., cyclic creep. Stress is controlled at a rate
of +50 MPa/s over a stress range of -100 to 200 MPa with a mean stress of 50 MPa. The predictions given in
fig. 14 are rated according to the following criteria. The prediction is acceptable if the rate of ratchetting dimin-
ishes with each successive cycle, as in Models D and E. It is rated questionable if this rate dimishes over a few
cycles before going into a condition of steady state, as.in Models B and F. And it is taken to be unacceptable if
steady-state ratchetting occurs throughout the deformation history, as in Models A and C, In all faimess, Models
A and F are softer than the others (a consequence of using the same values for the material constants in all cal-
culations), and will therefore ratchet more than the other models do. This softness can be gauged by comparing

/



the inelastic strain ranges of the first cycle. Models A and F have about twice the inclastic strain range of the
other models in the first cycle of loading.

The second experiment is an interrupted tensile test in strain control at 750°C. The uniaxial loading is to
0.01 strain, unloading to 0.0085 strain (approximately zero stress), and then followed by a reloading to 0.02
strain. The strain rate is £0.001/s throughout. The predictions are presented in fig. 15. The desired result is elas-
tic unloading with elastic reloading up to the flow stress at which unloading occurred, and then followed by a
sharp transition to inelasticity with roughly the same tangent modulus as observed just prior to unloading.
Models A, D, E and F give the desired response. A common feature shared by the models that do not produce
the desired response, Models B and C, is that they both include an effect due to stress rate in the dynamic
recovery term. As a result, there is too much unsticking of the back stress during unloading.

The third experiment is one of elastic ratchetting (i.e., cyclic relaxation) under conditions of strain control
at 750°C. Tensile preloading is to 0.01 strain, followed by 5 cycles of loading between 0.009 and 0.01 strain (at
approximately 175 MPa mean stress). The strain rate is +0.001/s throughout. The predictions are presented in
fig. 16. The desired result is a condition of elastic ratchetting with a small (almost unmeasurable) amount of
viscous stress relaxation that exponentially decays; however, the back stress should not relax. Again, Models A,
D, E and F give the desired response, while Models B and C do not (for the same reason they did not do well in
experiment 2). The difference in ratchetting rates observed in the predictions of Models B and C has to do with
the fact that the inelastic strain- and stress-rate drivers can add or compete against each other in Model B,
whereas they always add in Model C.

The fourth experiment is the first five cycles of an in-phase thermomechanical fatigue test, i.e., another
case of cyclic relaxation, The controlling mechanical strain rate is 0.001/s with a mechanical strain range of
10.001. The temperature varies lincarly in time over a range of 600 to 900°C. The predictions are presented in
fig. 17. The desired response contains inclastic deformation during the first quarter cycle with a largely elastic
response thereafter. A small amount of viscous stress relaxation is expecled, as in experiment 2, but the back
stress should not ratchet. Models D, E and F give a desirable response. Model C exhibits excessive ratchetting.
Model B is questionable in that the back stress ratchets to a small degree. Model A is questionable only because
it immediately attained a fully reversed condition with a small inelastic strain range showing no tendency of
cyclic relaxation,

The fifth experiment is a large hysteresis loop containing two smaller loops inside it. The test is in strain
control at a strain rate of +0.001 throughout, and the temperature is 750°C. The tensile loading is to 0.01 strain,
with unloading to -.005 strain, reloading to O strain, unloading to -.01 strain, reloading to 0.005 strain, unloading
to O strain, and then reloading back to 0.01 strain. The predictions are presented in fig. 18, where the initial ten-
sile loadings are not shown to keep the figures clean. The desired result is a symmetric outer loop which con-
tains two symmetric inner loops that exhibit closure (or near closure) at the point of intersection with the outer
loop. None of these models produces closure, and most do not produce symmetric inner loops. The inability of
current viscoplastic models to produce this type of closure is discussed in refs. 3 and 4.

The sixth and final experiment is a tensile strain-rate jump test at 750°C for characterizing strain-rate sen-
sitivity. The controlling strain rates are 0.01/s and 0.00001/s. The tensile loading is to 0.005 strain at the slower
rate, then to 0.01 strain at the faster rate, then to 0.015 at the slower rate, and finally to 0.02 at the faster rate.
The predictions are presented in fig. 19. All the models, except Model D, produce a desirable result in that the
stress tracks a master curve indicative of the controlling strain ratc. In Model D, the back stress jumps
significantly caused by the accompanying stress jumps. This results in a questionable overshoot of stress when
the back stress has saturated. The other models do not exhibit such significant jumps in back stress, nor do they
cause an overshoot in stress due 10 a stress jump when the back stress has previously saturated.

In summary, Models D, E and F seem to be reasonable candidates for further study as improvements over
Model A in the represention of ratchetting behavior. Models B and C are definitely unacceptable candidates for
further study. We continue our study, in part, in the remaining sections of this report.

6. EVOLUTION OF BACK STRESS - FOUR ADDITIONAL MODELS

In the two-surface theories of plasticity [19], the tangent modulus is taken to be a function of the distance
from the current value of stress on the yield surface to its image point on the limit surface, similar to our
definition of & in eqn. 16 (see fig. 8). Considering a viscoplastic model like ours (with short- and long-range



omponents of back stress, where the long-range component is proportional to inelastic strain), MOOSBRUGGER &

McDOWELL [20] have demonstrated that a positive monotonically-decreasing function H,(§) for the hardening
modulus (the analog to the tangent modulus of plasticity) in one evolution equation for short-range back stress
does a better job of correlating nonproportional experimental data than do the more extensive viscoplastic
models of CHABOCHE & ROUSSELIER [26] with two and three short-range back stresses whose hardening moduli
are constant valued. The introduction of a hardening function H,(§) associated with one component of short-
range back stress is a simple way to approximate the more accurate description of a large number of back
stresses (say n » 1) whose hardening moduli are all constant valued, i.e., it simulates a distribution of back
stresses with different characteristic times. The result is a stress-strain response that is more smooth than what is
observed in figs. 14 to 19, especially around the knee of the curve. KREMPL et al. [13] use a hardening function
H,(] S-B|) which has the same overall effect; however, its application to nonisothermal conditions does not
appear to us to be as straight forward.

In the four equations that follow for the evolution of short-range back stress, the hardening modulus in
each is taken to be of the form

HyE€) = c3 + (c2-¢3) & a7

where ¢, >2c; > 0 are constants. Both Krempl and McDowell use exponential forms, which may in fact be
more physically comrect. We choose a linear form here strictly for simplicity. In actual applications, it seems
profitable to raise & to a power in eqn. 17, and to choose ¢, =E and c¢;= H,.

The four evolution equations that are considered can be represented by the single relationship, i.e.
o= 2 P 24 _ 3 04,
Xy = 2 H,@){e., +C o - 3T Ie"l} (18)
where only the function C varies between the four models.

Model I

This model is of the form used by MOOSBRUGGER & McDOWELL [20], which is a generalization of the
Armstrong-Frederick model, Model A, i.e.

cC =0 1%

The following three models contain this one as a special case (i.e., ¢; = 0).

Model 11 ’
This model is similar in form to the one used by KREMPL et al. [13], i.e.

0 ., IXI2L and (S; - B;)S; 20
C = (20)

¢, ., else

where ¢, € [0,1] is a constant. This is a generalization of Model D where the switch on C is added to
refrain the short-range back stress from taking on values outside of its bounding surface (see fig. 8). This elim-
inates the overshooting exhibited by Model D in fig. 19,

Model IIT

This model is a generalization to Model E, i.e.
X1
= 1- = 21
C =c [ 1 @n

where ¢, € [0,1] is a constant.

Model IV
This model is a generalization to Model F, i.e.

C =c ¢ (22)



where ¢, € [0,1] is a constant, and & is the variable defined in eqn. 16.

7. DISCUSSION OF FOUR MODELS

These four models are used to predict the same six numerical experiments that the previous six models
were used to predict. Values used for the additional material constants are presented in table 4. Our assessment
of the capability of Models I to IV to predict reasonable responses for these six experiments is presented in
table 5.

Constant | Units | Value
c - 1.0
Cy MPa | 099 E
Cs MPa 0.1 E
TABLE 4

Additional Inelastic Constants.

E MODEL
RN T Ty m [
] UlA]A]Q
2 QlAa|A]|A
3 AlA|A]A
4 AlAalAa|aA
5 ulu|u|u
6 Alalala
TABLE 5

Model Assessment. “*A’’ is Acceptable. *‘Q’’ is Questionable. *“U”’ is Unacceptable.

For the stress-controlled ratchetting experiment (no. 1) presented in fig. 20, the same rating scale is used
as was used for the data of fig. 14. Model I is unacceptable (as was Model A) because a steady-state ratchetting
condition exists from the very onset of the deformation history. Models IT and III predict a transient decay in the
rate of ratchet strain accumulation, and are therefore acceptable. Model IV has a transient ratchetting response
that becomes a steady-state response after a few cycles, and is therefore taken to be a questionable prediction.
Again, in all fairness, Models I and IV are much softer than Models IT and III (a consequence of using the same
material constants for all the models) 4nd therefore should ratchet more for this experiment.

For experiment 2, only Model I does not produce a desirable result, as seen in fig. 21. The yield siress
upon reloading does not match the prior flow stress at unloading. This is curious since its counterpart, Model A,
does give a good representation of observed behavior for this experiment (see fig. 15).

All four models provide a reasonable description for experiment 3, as shown in fig. 22. This is not supris-
ing, since their four counterparts - Models A, D, E and F - also do well in representing this experiment.

All four models produce acceptible results for the themomechanical test (experiment 4), as shown in fig,
23.

The predictions of the smaller loops inside the larger hysteresis loop of experiment 5 (see fig. 24) are not
representative of typical material behavior for the same reason as before - closure of the smaller loops does not
exist. However, there is some improvement in the predictions of these models over those of the first set. Of
these four models, Models 1, IT and IV produce the best shape (symmetry) of the inner loops. It is not known
what influence the nonlinear hardening function H,(E) has on closure properties for this particular experiment,

All four predicted responses of the strain-rate jump experiment (no. 6) presented in fig, 25 are in accor-
dance with experimental observations. Introducing the switch into Model II (eqn. 20) removes the stress
overshoots of Model D observed in fig. 19. This switch may not be necessary if ¢; in eqn. 17 is sufficiently

10



small,

8. CONCLUSIONS

Current viscoplastic models are known to overpredict ratchetting phenomena; a result of the back stress
“‘sticking’’ too much during unloading. The need to be able to accurately predict ratchetting behavior over long
periods of time is recognized as an important concern in the design of Space Station Freedom’s solar dynamic
receiver. In order to remove this stickiness, terms that are linear in stress rate have been incorporated into the
evolution equation of the short-range back stress. Ten different models have been studied. In order to assess
their relative merit, six different numerical experiments have been performed on each model. The following con-
clusions are drawn from this study.

1)  The introduction of a term that is linear in stress rate is a viable way to alleviate sticking of the back
stress during unloading.

2)  Within a hardening/dynamic-recovery format, only the hardening term should have a stress-rate depen-
dence.

3) A positive monotonic-decreasing function H,(§) for the hardening modulus of short-range back stress
produces a superior response to that of a constant-valued hardening modulus.

4)  Of the models considered, Models II, III and IV seem to be the most capable. The authors prefer Models

II and IV over the others for physical reasons. Which model does the best job of correlating actual data is

a subject of future work.

5)  Alering the value of ¢, € [0,1] in Models II, III and IV directly influences the degree of ratchetting that

they predict, with the limiting case of c; =0 resulting in a classical Armstrong-Frederick model, i.e.,

Model 1, which is known to overperdict ratchetting phenomena.
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